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lamps, and their flexible design due to small device sizes [1]. A
commercial white LED is fabricated by combining a broad
yellow-emitting phosphor, YsAls0;,:Ce®*", with a blue LED
with an emission spectrum maximum (lem) of 450 nm. This
reduces the production cost and facilitates mass production.
However, this method has a critical drawback, namely, a low
color quality due to the lack of a red-emitting wavelength
region. To overcome this limitation, use of the combination of

1. Introduction

White solid-state lighting (SSL) devices based on down-
converted phosphors with blue light-emitting diodes (LEDs)
have become increasingly attractive as light sources, owing to
their long lifetimes, production of less toxic waste compared
to existing light sources such as incandescent and fluorescent
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a broad green-emitting phosphor and a broad red-emitting
phosphor has been suggested to increase the color rendering
index (CRI) of SSL devices, as shown in Fig. 1 [2]. However, this
method also presents a limitation, as the device efficiency is
reduced because of an overlap between the emission spec-
trum of the green phosphor and the excitation spectrum of the
red phosphor. There is a small overlap between the broad
emission spectrum (over 750 nm) of a phosphor mixture with
a broad red-emitting phosphor and the human eye sensitivity
curve, which drops to zero at 700 nm, thereby resulting in a
loss of the remaining emission spectrum. Recently, a phos-
phor mixture with a narrow red-emitting phosphor has drawn
attention, because it prevents reduction in efficiency, owing to
the similarity between the excitation regions of the red- and
green-emitting phosphors and the convergence with the
human eye sensitivity curve. Therefore, the development of
narrow red-emitting phosphors is important for obtaining a
high CRI and improving the energy efficiency of phosphor-
converted white LEDs.

Novel narrow red-emitting phosphors are categorized into
three families—the Eu®*-activated nitride phosphor family,
perovskite nanocrystal family, and Mn**-activated fluoride
phosphor family [2]. The Eu*'-activated nitride phosphor
family is represented by Sr [LiAlsN,]:Eu®*, which was reported
by the Schnick group [3]. The Sr [LiAlsN,]:Eu** phosphor has a
full-width at half-maximum (FWHM) of approximately
50 nm at an emission spectrum maximum (Aem) of ~654 nm [3].
The sharp red emission arises from the Eu®* ions located in
the cuboid or highly symmetrical sites of the nitride host. A
large crystal-field splitting (>0.1 eV) between the two highest
bands of Eu®" 4f-orbitals in the Sr site of the nitride host
generates a narrow emission by suppressing overlapping
emissions [4]. The optical properties of the Eu?"-activated
nitride phosphor family can be controlled by varying the en-
ergy difference between the Eu®" ions in novel hosts through
manipulation of the nephelauxetic effect, crystal-field split-
ting, and the Stokes shift, among other factors. Recently, the
Sr [Li,Al,0,N,]:Eu*" phosphor with a narrow FWHM (~48 nm)
for lem centered at 614 nm was investigated for achieving
higher luminous efficacy than commercial high color-
rendering phosphor-converted white LEDs [5]. These phos-
phors are usually synthesized through a high-temperature
solid-state reaction under a reducing atmosphere and high-

pressure conditions. In addition, due to their moisture sensi-
tivity, these nitride hosts must be carefully kept in dry storage.

The perovskite nanocrystal family represented by CsPbX3
(X = Cl, Br, and I) exhibits FWHM values in the range of
12—42 nm [6]. Kovalenko et al. reported colloidal synthesis of
monodisperse CsPbX3; nanocrystals using hot injection [7].
The sharp red emission of CsPbl; originates from the band-to-
band transition of excitons from the conduction band, formed
by the overlap of Pb p-orbitals, to the valence band, formed by
the overlap of halide p-orbitals. These nanocrystals have a
higher photoluminescence quantum yield and a narrower
FWHM than other red phosphors. To tune the optical prop-
erties of this nanocrystal family, the anion I” is exchanged
with Br~, or the cation sites, Cs* and Pb?", are substituted with
other ions. However, this family has toxicity issues due to the
Pb?' ions in the host, in addition to stability issues related to
the host.

Mn**-doped fluoride phosphors were reported by Adachi
et al. and General Electronics (USA), with an FWHM of
approximately 50 nm and an emission spectrum with sharp
peaks. These sharp peaks can be attributed to the 3d>-3d>
transitions from electric—dipole—forbidden transitions (°Eg —
4A2g) in the octahedral site [MnF]®" of A,MFs (A = Na, K, or Cs
and M = Si, Ti, Ge, or Zr), where the transitions of the Mn**
ions in the octahedral sites are specified by the value of the
crystal field parameter. Therefore, the optical properties can
be determined from the type of host, which possesses octa-
hedral sites for Mn** ion substitution. The fluoride phosphor
family can also increase the color quality by enhancing the
zero-phonon line (ZPL) emission of Mn*" ions. Fluoride
phosphors are usually synthesized using HF. This family has
received significant attention because it is relatively easy to
scale-up the fabrication of phosphor and white LEDs. How-
ever, when used in the synthesis process, HF needs to be
handled with extreme caution because of its high toxicity.
Thus, many researchers have concentrated on developing HF-
free synthesis methods for fluoride phosphors. Current re-
views focus on the synthesis methods of fluoride phosphors
[8—10], but a summary of synthesis methods regarding the
presence or absence of HF has not been reported.

In this review, the relevant synthesis methods are classi-
fied into two categories, namely those with and without the
use of HF. The former includes etching, co-crystallization,
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Fig. 1 — Development scheme of phosphors for phosphor-converted white LEDs. Modified from ref. [2].
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hydrothermal, and co-precipitation methods, while the latter
comprises the co-precipitation/sol—-gel method with low
toxicity acids and the microwave/ionothermal method with
ionic liquids. Moreover, HF-free methods with commercial
K,MnF¢ as an Mn** ion source are presented. Finally, this re-
view provides perspectives and future directions for the syn-
thesis of Mn*"-doped fluoride phosphors with respect to
safety and achieving superior optical properties.

2. Basics of Mn*"-doped fluoride phosphors

2.1. Luminescent mechanism of Mn*" ions in fluoride
phosphors

Mn** has three electrons in the unfilled 3d-orbital of the outer
shell. These electrons are thus sensitive to the crystal envi-
ronment. Under the local crystal field environment, the five
degenerate d-orbitals (dxz,yz7 dyy, dp2, dxz, and dy;) split into
the doubly-degenerate e and triply-degenerate t,, orbitals.
The distance between ez and t, is denoted as 10 Dq, whichis a
parameter for characterizing the field strength.

The Tanabe—Sugano (T—S) diagram (Fig. 2) shows the
relationship between the energy levels of Mn*" (E/B) and the
crystal field strength (Dq/B) of the 3d® configuration in an
octahedral crystal field, where B is the Racah parameter used
to describe the effects of electron—electron repulsion within
the metal complex [11,12]. The T—S diagram aids in the
identification of each emission peak in relation to the energy
levels of transition metal ions. It is clearly shown that the
energies of the multiplets have a strong dependence on the
crystal field strength except for the 2T, and 2E, levels. In the
diagram, the emission spectra arise from the 2Eg — 4A2g
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Fig. 2 — Tanabe—Sugano energy diagram of the 3d>
configuration in an octahedral crystal field. Adopted and
reproduced with permission from Ref. [12], copyright 2014,
Elsevier.

transition (sharp peaks) [13] while the two measured broad
excitation bands mainly originate from the *A,; — *Ts; and
*Agg — “T,g spin-allowed transitions (Fig. 2) [12].

The Mn*"-activated fluorides are representative of red-
emitting fluoride phosphors [14—20]. The narrow-band red
emission of Mn*" in fluorides is attributed to the *E; — *Ay,
transition that consists of emission peaks from the v3 (t1y), v4
(t1u), and vg (toy) (anti-Stoke emissions), ZPL, and vg (toy), 74 (t1u),
and 3 (t1,) (Stokes emissions) vibronic modes of the octahe-
dral group [MnFg]? [15,19—23]. The location of the ZPL depends
on the constituent elements, composition, and host lattice
structure [19].

2.2. Host for Mn**-doped fluoride phosphors

The host, which includes F, can be classified into four different
groups that possess substitution sites for Mn** ions—(1)
fluoride, (2) oxyfluoride, (3) hydroxy and hydrate fluoride, and
(4) alkali bifluoride-based compounds. The fluoride-based
group consists of A,XFs, A3XF,, BaXFs, and A3ZFe
(A =monovalentions such as Na, K, Cs, Rb, and NH, X = Si, Ti,
Hf, Zn, Sn, etc., Z = trivalent ions such as Sc, Gd, and Al), and
the compositions in this group only have F anion substitution
sites. A,XFg is represented by K,SiFg and is treated as the basic
structure in this review. The oxyfluoride-based group consists
of 3.5Mg0-0.5MgF,-GeO,, A,NbOFs (A = Cs and Rb), A;WO,F,
(A = Cs and Na), etc. Adachi et al. further sub-divided the
fluoride and oxyfluoride groups into two groups with respect
to the difference in photoluminescence (PL) spectral features
by observing the ZPL emission at room temperature [24]. For
example, the wavelength of ZPL emission is the same
(~622 nm) for Mn**-activated K,TiFs, K,GeMnFe, and
K,SiMnFe, despite the differences in constituent elements.
Anti-Stokes emissions are located in a shorter wavelength
range with respect to the ZPL, at ~598 nm, ~607 nm, and
~610 nm; Stokes emissions occur at a longer wavelength range
at ~632 nm, ~635 nm, and ~645 nm for K,XFs (X = Ti, Ge, Si)
[19]. In contrast, the ZPL emission for Na,SiFg:Mn*' is
observed at ~617 nm, and the three anti-Stokes and Stokes
emissions are blue-shifted compared to those for K,XFg:Mn**.
This demonstrates that the substitution of the A element in-
fluences the °E, energy level of Mn*" more than the substi-
tution of the X element [19], which is corroborated by previous
studies [15,25]. The decrease in the energy of the E, level has
been attributed to a decrease in the radius or electron affinity
of the A element [15,19,25,26]. However, this has not been
proven theoretically and requires further study. The hydroxy
and hydrate fluoride-based group comprises the compounds
BaNb(OH), sFs s, ZnSiFs-6H,0, and K,SnFs-H,0, while the al-
kali bifluoride-based group includes NaHF,, which has octa-
hedral sites through fluoride ion formation.

3. Synthesis methods involving the use of
HF
3.1. Etching

Adachi et al. synthesized a K,SiFs:Mn*" phosphor by means of
wet chemical etching of a Si wafer [14]. This method uses an
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etching target and an etchant containing HF, KMnO,, and de-
ionized water at room temperature without stirring. HF affects
the F~ ions by prohibiting the oxidation and hydrolysis of F,
and it also prevents the reduction of Mn*" ions (Fig. 3a). The
yellowish powder displayed in Fig. 3b, namely K,SiFs:Mn*",
was produced after completion of the synthesis through the
following chemical reaction (Eqn (1)) [14]:

Si + 4KMnO, + 12HF — K,SiFs + K,MnFs + 3MnO,
+ 6H,0 + 20, )

A sharp emission centered at 630 nm was observed in Kj.
SiFe:Mn*", which is caused by the conventional Mn*" emis-
sion in the [SiFg]*~ octahedral site of the K,SiFs host [27]. This
method suggests that the etching target for the X site and the
etchant for the A site can be altered to synthesize various
A,XFg hexafluoride compositions (A = Na, K, Cs, NH,, etc,;
X = Si, Ti, Ge, etc.). K,SiFs, Na,SiFs, and Na,GeF¢ were pro-
duced using this method [15]. NaMnO, was used as an
oxidizing agent in the HF/H,O solution instead of KMnO, to
substitute Na into the host, and Ge shots were included to
prepare the Na,GeFg:Mn*" phosphor. Si powder was obtained
from crushed quartz [28] to reduce the cost, and other glass
powders, such as fused quartz, borosilicate, and soda-lime
glass [29], have also been used as an alternative Si source
instead of expensive Si wafers. The K,SiFs:Mn** phosphor
synthesized from crushed quartz showed a weaker PL emis-
sion than that from a single crystalline Si wafer due to the
porous-like structure of the crushed quartz. In contrast, the
use of glass powders (fused quartz, borosilicate, and soda-
lime glass) as the Si source for the wet etching method
resulted in single-phase K,SiF¢ and optical properties similar
to those of the single-crystalline Si wafer [29].

The particle size of the fluoride phosphor obtained from
the wet chemical etching method was irregular. To obtain a
regular particle size, a pulsed laser irradiation method was
combined with the chemical etching method [30]. In this
modified method, as-prepared K,SiFs:Mn** phosphor pre-
pared by wet chemical etching was dispersed in a methanol
solvent in a quartz cuvette, and then, a pulsed laser light was
irradiated into the solution for 6 h with continuous stirring. To
prevent undesired effects, the laser beam was defocused by
placing the focus just ahead of the cuvette. Laser wavelengths

HF/H,0/KMnOy solution

() :

Si wafer

K,SiF ¢: Mn#*+ phosphor

of 532, 355, and 266 nm were chosen to observe the change in
particle size with respect to the irradiation power. The mean
diameter, Dmean, Of the particles decreased with increasing
irradiation energy (Dmean = 2.7, 3.5, and 4.7 um for wave-
lengths of 266, 355, and 532 nm, respectively), as confirmed
using scanning electron microscopy. However, the PL quan-
tum efficiency (QE) of the phosphors decreased after irradia-
tion, which might be due to defects such as fragmentation-
induced strain and/or cracks.

Although the etching method does not require high tem-
peratures, this method still involves challenges, such as the
high cost of pure Si or metal for the etching target, the low
product yield of phosphors due to the MnO, impurity phase
resulting from high KMnO, concentrations, and the need for
precise control to obtain a narrow particle distribution.

3.2. Co-crystallization

The preparation of hexafluoride materials is performed
through the crystallization of a mixture of a HF solution with
an alkali metal fluoride and an X site precursor (oxide or metal
form) to form K,XFs at room temperature. The crystals react
with the HF solution, containing [MnF¢]>~ ions from K,MnFe,
and then, hexafluoride phosphor is synthesized through co-
crystallization [31]. Setlur et al. reported a potential K,TiFg:-
Mn*" and K,SiFs:Mn*" phosphor synthesis method based on
co-crystallization for application in white LEDs. The synthe-
sized K,TiFe:Mn** and K,SiFe:Mn** phosphors exhibit high
efficiencies and high CRIs by combining an InGaN blue LED
and a yellow-green phosphor [32]. In this synthesis process,
the host fluoride and K,MnF¢ were dissolved in a 70% HF so-
lution with a Mn*" concentration ranging from 3 to 8%; this
process is called Bode’s method. The obtained powders were
dry-milled to obtain a median particle size in the range of
15—20 pm. However, this method is not suitable for mass
production because of the difficulty in controlling the reaction
time and the need for a large quantity of toxic HF.

3.3. Hydrothermal method
The hydrothermal method typically requires high tempera-

tures and high vapor pressure for crystallizing materials from
aqueous solutions. Two types of hydrothermal methods are

(b)

Fig. 3 — (a) Chemical etching of the Si wafer in a HF/H,0/KMnO, solution for synthesizing K,SiFs:Mn** phosphor. (b) Optical
microscopic view of the chemically synthesized K,SiFs:Mn*" phosphor on the Si(100) wafer. Reproduced with permission

from Ref. [14], copyright 2008, American Institute of Physics.
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used for synthesizing fluoride phosphors. One is the two-step
method, where the phosphor host is initially obtained using a
hydrothermal method, and then, the Mn source is obtained
through another method such as precipitation. The other is
the direct hydrothermal method (one-pot hydrothermal
process).

In the two-step hydrothermal method, the hydrothermal
method is used in the first step to synthesize the phosphor
host, while the second step is the substitution process,
wherein the host is dipped in a HF solution with KMnO,. Since
the oxidation or reduction of Mn*" occurs easily when only
the hydrothermal process is performed, the Mn** source is
prepared separately. Hexafluoride phosphors [33—41],
K,MF;:Mn*t [42], KNaMF,;:Mn*" (M = Nb and Ta) [43], Ks.
TaO,F;Mn*" [44], and BaTiOF,;Mn*" [45] were synthesized
through this two-step method. The controlling factors
involved in optimizing the characteristics of the phosphor are
the temperature, reaction time, host precursors, and con-
centration of raw materials. For example, BaGeFsMn*"
phosphors were synthesized from BaCO3, GeO,, and KMnO, in
a HF solution by controlling the HF and KMnO, concentra-
tions, as well as the synthesis temperature (Fig. 4a) [36,46]. An
increase in the HF concentration from 10% to 40% (v/v)
continuously enhanced the PL intensity because a higher HF
concentration is beneficial for the formation of the stable
[MnFg]* group. To obtain the highest PL intensity, KMnO, was
added at concentrations ranging from 0 to 14 mmol L™* and
the highest PL intensity was observed at 10 mmol L%, while
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the reaction temperature was controlled from 25 to 180 °C. As
shown in Fig. 4b, BaGeFs:Mn*" phosphors synthesized at
different reaction temperatures produced a single phase of
BaGeFg crystals. The PL intensities were enhanced with the
increase in the reaction temperature up to 100 °C, and then,
the emission intensity decreased with temperatures above
100 °C due to aggregation in the morphology, as shown in
Fig. 4c. The sample synthesized at 25 °C exhibited a rod-like
shape, and its morphology changed to a flower-like shape
upon increasing the reaction temperature. At temperatures
higher than 140 °C, rod-like particles appeared with an
increased average length (Fig. 4d). BaGe; ,Ti,Fe:Mn*" solid-
solution phosphors were also reported, with TiO, as the Ti
source [47]. Nitrates and organic compounds were used as
precursors to prepare single-phase phosphors, and the final
product showed a uniform morphology similar to that ob-
tained using the etching method [33,36].

The one-step hydrothermal method is performed directly
using raw precursors for a host, including the Mn source and
HF solution. Hexafluoride [46,48—53] was synthesized using
this method, in which the reduction condition of the Mn
source is important for obtaining high-quality phosphors.
KMnO, is used as the main source of Mn since the Mn’" ions in
KMnO, are reduced under acidic conditions. The HF-affected
BaSiFs:Mn** phosphor was produced using the one-step hy-
drothermal method using BaF, [49], BaCO3 [51], or Ba(NOs),
[50,52] as the Ba source and H,SiFg [49] or (NH,4),SiFe [50] as the
Si and F sources in the HF and KMnO, mixed solutions. These
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Fig. 4 — (a) Diagram of the experimental process for synthesizing BaGeFs:Mn*" products. (b) XRD patterns, (c) emission
spectra, and (d) SEM images of BaGeF4:2%Mn*" synthesized at different reaction temperatures for 8 h (Inset): The
corresponding integrated emission intensity of BaGeF4:2%Mn*" as a function of reaction temperature. a-25, b-100, c-140,
and d-180 °C. Reproduced with permission from Ref. [36], copyright 2018, American Chemical Society.
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precursors can be replaced with fluorides, carbonates, oxides,
metallic forms, etc. For the Si source, when BaSiFg:Mn**
phosphors are synthesized using Si metal and SiO, powder,
the phosphor from the Si metal has better crystallinity than
that from the SiO, powder [49]. Accordingly, the phosphor
from Si metal exhibits a higher PL intensity than that from the
SiO, powder. Similar to the etching method mentioned pre-
viously, the hydrothermal method using Si metal for the Si
source also has a lower phosphor yield.

The hydrothermal method has a higher yield of synthe-
sized phosphor, while a much lower concentration of KMnO,
is used compared to the etching method. However, this
method requires a working temperature of over 100 °C and
high pressures along with using the HF solution. It is also
difficult to obtain uniform particle sizes, which can affect the
optical properties due to etching by HF.

3.4.  Co-precipitation

The co-precipitation method is composed of two steps. The
first step is the preparation of K,MnFs, and the second one is
the preparation of a Mn*"-doped fluoride phosphor from the
combination of cation sources and the K,MnF¢ obtained from
the first step in the HF solution. Since Liu and Chen et al. re-
ported the synthesis of K,TiFg:Mn*' phosphor using co-
precipitation [17], this method has been used to synthesize

o K
o [(GeMn)F]?
HF/H,0
9 K,GeFg:Mn*

various fluoride phosphors because the method of reducing
Mn** ions is comparatively simpler than the other methods
[39,54—66]. Moreover, co-precipitation is preferred because it
is efficient and more cost-effective than the etching method.
To optimize the optical properties, the reaction temperature,
reaction time, HF concentration, and quantity of KoMnFg can
be controlled, as in the previous methods.

Furthermore, a solvent can be used to enhance the optical
properties by controlling the morphology of the phosphor. Liu
et al. studied the ultra-fast self-crystallization of the K,
GeFs:Mn*" phosphor based on the good—poor solvent strategy
[64]. The hosts, K,GeFs and K,MnFs, were dissolved in a HF
solution, which served as a good solvent, and then, ethanol
was added as the poor solvent (Fig. 5a). After these reactions, a
bright yellow powder was produced instantly, as displayed in
Fig. 5b. Ethanol was added in controlled amounts of 5, 10, and
25 mL (hereafter referred to as R1, R2, and RS, respectively.)
The X-ray diffraction (XRD) results show that the phosphor
phase changes from P3m1 to P63mc with an increasing amount
of ethanol (Fig. 5¢). The R1 sample, corresponding to the P3m1
phase, had an octahedral shape with a particle size of ~20 pm,
while the R5 sample had a relatively smaller particle size of
~0.6 pm (Fig. 5d, e). The R2 and R5 samples contained the
P63mc phase, which was unstable relative to the P3m1 phase of
the K,GeF; structure. Additionally, the R1 sample showed a
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Fig. 5 — (a) Schematic diagram of good—poor solvent strategy for the fabrication of the K,GeFs:Mn*" phosphor. (b) Images of
three key states during the fabrication process: (1) K,GeFs and K,MnFs powders are dissolved in HF to form a yellow
transparent solution; (2) addition of ethanol causes ultrafast self-crystallization of K,GeFs:Mn*", which emits intense red
light under light radiation at 460 nm. (c) XRD patterns of the K,GeFs:Mn*" products and SEM images of (d) R1 and (e) RS
samples; the scale bars are (d) 10 pm and (e) 1 pm, respectively. Reproduced with permission from Ref. [64], copyright 2018,

American Chemical Society.
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sharp red emission peak arising from Mn** ions, and the
optimized sample exhibited a high internal QE (93%).

Another phosphor, two-dimensional (2D) K,TiFg:Mn**, was
produced via alcohol-assisted co-precipitation using a HF so-
lution with a mixture of KHF,, Ti{[OCH(CH3)3]s, and K,MnFg
[67]. 1-propanol was added to the HF solution, which was
worked as guidance for growing the 2D morphology of the
K,TiFs:Mn*" phosphor and this mechanism was confirmed by
density functional theory calculations. Other alcohols, such as
methanol, 1-butanol, tert-butanol, and 1-pentanol, were also
used to build the 2D morphology. These results indicate that
the synthesis rate can be accelerated and the morphology of
fluoride phosphors improved by adding a solvent in the syn-
thesis process.

3.5. Other methods

Beyond the aforementioned methods, other methods have
rarely been researched. Zhang et al. reported the synthesis of
a K,TiFe:Mn** phosphor using the ball-milling process [68].
The slurry was prepared using K,TiFs powders as a phosphor
host and KMnO, as the Mn source in a HF solution. They
controlled the speed of the ball-milling at 100 and 200 rpm for
the reaction. The optimized condition (100 rpm) produced
K,TiFs with no impurities, but a faster ball-milling speed
(200 rpm) produced K,TiFs with K,MnFg as the impurity. The
particle size of the phosphor decreased with an increase in the
ball-milling speed. In contrast, the Mn concentration
increased with an increase in the ball-milling speed. This
report explained that an increase in the speed of the ball-
milling process increases the surface area and surface en-
ergy of the particles, contributing to high Mn** doping in
K,TiFs. However, this results in the formation of excessive
defects and high Mn concentrations, thereby reducing the
optical properties.

In this section, we introduced various methods involving
the use of HF for synthesizing fluoride phosphors. These
methods, summarized in Table 1, produce fluoride phosphors
with high efficiency because of the presence of HF. The role
played by HF is to reduce the Mn*" ions by providing an acidic
condition. It also supplies sufficient F~ ions to prevent the
oxidation of Mn*" ions and to maintain the [MnF¢]* ion group.
However, HF is highly hazardous, so it must be handled with
the greatest care to avoid exposure. Therefore, HF-free syn-
thesis methods have been investigated for reasons of health
and safety, and these are discussed in the following section.

4. Synthesis methods without the use of HF
4.1. Hydrothermal method using a low toxicity acid

As mentioned in the previous section, HF has a high toxicity.
Therefore, to avoid the use of HF, Huang et al. developed a new
green hydrothermal synthetic method to synthesize red-
emitting K,SiFs:Mn*" phosphor by using low toxicity HsPO,/
KHF, instead of the toxic HF liquid [69]. The synthetic process

is shown in Fig. 6. It involves the following two steps— (1)
preparation of soluble manganese (IV) [Mn(H3PO4),] and (2)
hydrothermal synthesis of K,Si;.sF:xMn*" (KSFM) with SiO,,
KHF,, and Mn(H3POy),. In step (1), KMnO, was dissolved in a
CH,0,+K solution using ultrasonic vibration to form active
MnO(OH),. The dark brown MnO(OH), solid, after collection by
centrifugation and washing, was added to the phosphoric acid
with ultrasonic vibration to prepare the Mn(H3PO,), solution.
In step (2), SiO, and KHF, were mixed in the Mn(H3PO,), so-
lution and placed in a Teflon cup. The ratio of SiO,:KHF, was
varied from 1:3 to 1:30 (Si:F = 1:6—1:60) to optimize the syn-
thesis conditions. The Teflon cup was sealed in an autoclave
and kept at 180 °C for 6 h, and the final product was obtained
by centrifugation, washing in distilled water, and drying
under a vacuum at 40 °C for 24 h.

Fig. 7 shows the XRD patterns, normalized integrated
emission intensity, and photographs of KSFM according to the
Si:F atomic ratios (1:6—1:60). The XRD patterns did not show
any changes, despite the changes in the Si:F ratios, as shown
in Fig. 7a. However, the emission intensity increased (Fig. 7b)
when the Si:F ratio was changed from 1:6 (sample A) to 1:48
(sample G) and then decreased at 1:60 (sample H). This in-
dicates that an excessive quantity of F does not influence the
crystal structure or produce impurities. This result was
further confirmed using energy dispersive spectrometry,
where the atomic ratio of K:Si:F was found to be 19:8:71 for
samples A—H. This study explained that the concentration of
F~ plays a key role in controlling the actual concentration of
Mn**, which was analyzed using electron paramagnetic
resonance spectroscopy. The absorption value of Mn*"
increased from Si:F = 1:6 to the maximum value at Si:F = 1:48,
and then decreased at Si:F = 1:60, which corresponded to the
PL emission intensity. These results suggest that the red
emission of K,SiFs:Mn*" is controlled by the concentration of
F~, provided by KHF,, due to the change in the activator Mn*"
concentration in K,SiFg:Mn**. The photographs of the syn-
thesized KSFM (Fig. 7c) are in accordance with the results of
the PL analysis.

As previously mentioned, the oxidation or reduction of
Mn** occurs rapidly if the HF concentration is insufficient.
HsPO,/KHF, plays an important role in protecting Mn*" from
oxidation or reduction. Mn(H3PO,), is formed by reacting
KMnO, with CH,0,-K and phosphoric acid, as expressed in
Egs (2) and (3):

2MnO; (aq) +3CHO; (aq) 4+ 3H,0 (1) — 2MnO(OH),(s)+3C0,(g)
+50H"(aq)
@

2MnO(OH),(s) + 2H,L (aq) = MnL,(aq) + 3H,0(l) where L
= H3PO, 3)

MnlL, is slowly changed to [MnFs}z’, and SiO, is converted
into [SiFs]>” in the HsPO, solution when KHF, is added, as
expressed by Eqgs (4) and (5). K,Si;_xMn,Fg (s) is produced
immediately after [MnFe]*~ and [SiFs]*" are formed, as shown
in Eqn (6).
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Table 1 — Summary of synthesis methods using HF for Mn*"-doped fluoride phosphors.

Methods Synthesis Advantage Disadvantage Host Reference
conditions
Etching Room temp. e Does not require high o Toxic synthesis condi- A,XF¢ hexafluoride [14,15,27-30]
temperatures tions due to HF compositions
e Products with high quan- o High cost of Si or metal for (A = Na, K, Cs, NHy, etc.;
tum efficiency etching targets X = Si, Ti, Ge, etc.)
e Low product yield
o Necessary to control par-
ticle distributions
Co-crystallization Room temp. e Does not require high e Toxic synthesis condi- K,SiFg [31,32]
temperatures tions due to HF K,TiFg
o Difficult to control the re-
action time
e Large amount of HF is
needed
Hydrothermal method High temperature (<250 °C) e Synthesis of various e Toxic synthesis condi- A,XF¢ hexafluoride compositions [33-53]
with high vapor pressure compositions tions due to HF K,MF;
e High product yield o Necessity of high tem- KNaMF; (M = Nb and Ta)
perature and pressure in K5TaO,F,
synthesis BaTiOF, tetrafluoride
o Difficult to control the
particle distributions
Co-precipitation -16°C < T <100 °C e Does not require high o Toxic synthesis condi- A,XFg hexafluoride compositions [17,39,54—67]
temperatures tions due to HF (A = Na, K, Cs, NHy, etc.;
o Synthesis of various X = Si, Ti, Ge, etc.)
compositions
e More cost-effective
than other methods
Ball-milling Room temp. e Does not require high e Toxic synthesis condi- K,TiFg [68]

temperatures

tions due to HF
Reduction of optical
properties
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Fig. 6 — K,SiFs:Mn*" synthetic route using H;PO,/KHF,. Reproduced with permission from Ref. [69], copyright 2016,

American Chemical Society.

MnL,(aq) + 3[HF,] (aq) + H* (aq) < [MnF¢|* " (aq) @
+ 2H,L(aq), where L = H3PO,

Si0,(s) + 3[HF,] (aq) + H" (aq) — [SiF¢)*"(aq) + 2H,0(aq)  (5)

2K*(aq) + (1 — x)[SiFs]*” (aq) + X[MnFe]* (aq) < K,Si; xMn,Fe(s)
©6)

During these processes, H3PO4/KHF, plays a crucial role in
stabilizing Mn** and preparing [MnFs]*> . However, the re-
ported QE was only 28% in this work, which is much smaller
than the reported QE (74%) of the compound synthesized with
a HF solution [9,70]. This work shows the potential to replace
toxic HF in the preparation of Mn** fluoride phosphors, but it
remains challenging to prepare phosphors with high QEs.

.
SiF = 1:60

4.2. Microwave synthesis using ionic liquids

The use of an ionic liquid is another method suitable for the
synthesis of fluorides without the use of toxic HF [71-74]. An
ionic liquid is defined as an organic salt that typically has a
melting temperature of <100 °C and can act as both a solvent
and a reactant [75,76]. This organic component is asymmetric
and large, providing a low melting temperature. Olchowka
et al. [71] reported a microwave radiation synthesis method
for A,SiFg (A = Li, Na, K, Rb, and Cs) with an ionic liquid, 1-
butyl-3-methylimidazolium hexafluorophosphate ([Bmim]
PF¢) as the solvent, and F~ as the precursor. Fig. 8a illustrates
that [Bmim]PFs decomposes at a temperature of 140 °C to
release F~ (PFs — PFs + F7). Base on this decomposition,
[Bmim]PFg is used as a F~ precursor in place of HF to synthe-
size A,SiFe. It was confirmed through XRD analysis (Fig. 8b)
that the compounds A,SiF¢ were successfully synthesized.
This report demonstrated the possibility of synthesizing
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Fig. 7 — (a) X-ray diffraction patterns, (b) normalized integrated emission intensity, and (c) photographs of K,SiFs&:Mn*"
according to the ratio Si:F = 1:6—1:60. Reproduced with permission from Ref. [69], copyright 2016, American Chemical

Society.
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Fig. 8 — (a) [Bmim|PFs decomposition under microwave radiation. (b) X-ray diffraction of the synthesized A,SiF¢ (A = Li, Na,
K, Rb, and Cs). Reproduced with permission from Ref. [71], copyright 2018, Wiley.

fluoride materials using an ionic liquid in the absence of HF.
However, this study did not report on Mn**-activated
fluorides.

4.3. Ionothermal reaction using ionic liquid

Recently, the synthesis of Na,SiF¢ through an ionothermal
reaction using an ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate, without the use of toxic HF, was reported
[77]. An ionothermal reaction is a method that uses an ionic
liquid as the solvent, similar to the role of water in a hydro-
thermal reaction [78]. The red-emitting Mn*"-activated
Na,SiFs phosphor was synthesized using Na,SiFs with a low
concentration of a HF solution. Fig. 9a shows a schematic

diagram of the ionic liquid synthesis method for the host
Na,SiFs. [Bmim|BF, consists of an organic cation (Bmim™) and
an anion (BFz). During the ionothermal reaction, BF; releases
F~ that is used to form Na,SiFe. The equation below presents
the formation mechanism of Na,SiFs (Eqn (7)):

2NaBr(s) + Si(OCHs) (1) + 6[Bmim]|BF,(l) — Na,SiFs + 2Br (aq)
+4(OCHs)  (aq) + 6BFs(g) + 6[Bmim] " (aq) (7)

Fig. 9b displays the incorporation of [MnFe]*~ in Na,Si;.
xMn,Fe (x = 0.007, 0.100, and 0.200) performed in a 6 M HF
solution (10 wt.% of HF). The XRD patterns of the synthesized
Na,Si; xMn,Fe (x = 0.007, 0.100, and 0.200) match well with the
powder diffraction file of Na,SiF¢ without impurity peaks
(Fig. 9¢). The PL excitation (PLE) and PL spectra (Aex = 460 nm)
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(a) NaBr rn
£J
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Fig. 9 — (a) Schematic diagram of the processes to synthesize Na,SiF¢ using the ionic liquid, [Bmim]BF,. (b) Synthesis process
of Na,Si;.,Mn,Fs in a 6 M HF solution. (c) X-ray diffraction patterns and (d) photoluminesence spectra of Na,Si;.,Mn,Fs (x =
0.007, 0.100 and 0.200). Reproduced with permission from Ref. [77], copyright 2020, Elsevier.
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relative humidity. Reproduced with permission from Ref. [83], copyright 2019, The Royal Society of Chemistry.

of Na,Si;. Mn,Fs (x = 0.007, 0.100, and 0.200) are shown in
Fig. 9d, with the maximum intensity of the PLE and PL spectra
at x = 0.100. The five emission peaks indicated in Fig. 9d at
596 nm, 610 nm, 618 nm, 629 nm, and 644 nm correspond to »3
(tf1u), ¥6 (t2u), ZPL, ¥6 (toy), and v3 (t1,) vibronic modes of Mn**,
respectively [17,20,22,23]. However, Na,Si;.,Mn,Fs has seven
peaks in the range of 590—650 nm, which correspond to the v3
(t1w), va (t1u), ve (tau), ZPL, ve (tau), va (t1u), and vz (tiy) vibronic
modes according to previous studies [17,20,22,23]. Two peaks
related to anti-Stokes (~605 nm) and Stokes (~631 nm) com-
ponents of the vy (t;,) vibronic modes are missing in this
result, which is attributed to the low concentration of HF (6 M).
This low concentration of HF may not provide sufficient F~ to
prevent the reduction or oxidation of Mn*" during the incor-
poration of [MnFe]*~ into Na,SiFs. Although this work presents
the use of an ionic liquid to synthesize Mn*" activated fluo-
ride, a low concentration of HF is needed for the incorporation
of [MnFe]z’ into Na,SiFs, which also results in the missing
emission peaks.

4.4, Other methods using commercial K,MnFg

Because of the increasing interest in sharp red-emitting
phosphors, KoMnFe is now produced commercially. This is
an important precursor for the synthesis of Mn*-doped
fluoride phosphors. Recently, researchers have investigated
HF-free methods using commercial K,MnFs. The hosts have
been synthesized using the HF-free method and then com-
bined with K,MnFs (commercially obtained or locally pro-
duced) to substitute Mn*' ions into the host. Here, we

introduce methods based on this process to expand on our
discussion of HF-free methods. Xie et al. introduced a HF-free
method using NH,F/HCI instead of HF to produce A XFe:Mn*
phosphors (A = K, Na, Rb, and Cs; X = Si, Ge, and Ti) [79,80].
NH,F and AF contribute sufficient F~ ions for the reaction, and
HCI forms an acidic condition. Among these compositions,
K,GeFs:Mn** has a high internal and external QE of 94% and
66%, respectively [79]. The Li,SiFs:Mn*" phosphor was syn-
thesized using high-pressure synthesis [81], and the ball-
milling process combined with a solid-state method was
investigated for the synthesis of KsMnOF,:Mn*" [82]. The host,
KsMoOF;, which was prepared from a mixture of MoOs with an
excess of KHF,, was obtained using the solid-state method.
The K3MoOF,:Mn*" phosphor was synthesized via a ball-
milling process using the prepared Ks;MoOF; host and
K,MnFe. Lee et al. synthesized K3SiF,:Mn*" phosphors from
K,SiFs:Mn** phosphors using an organic solvent-assisted
method [83]. The K3SiF;:Mn*" phosphors were synthesized
using a solid-state method and an organic solvent-assisted
method from a mixture of K,SiFs, K,MnFg, and KHF,. The
solid-state method involved sintering at 400 °C for 7 h under a
reduced atmosphere (75% N,/25% H,) in a tube furnace. In the
organic solvent-assisted method, K,SiFs:Mn*" phosphor was
used as a precursor instead of K,SiFs and K,MnFg. The mixture
was placed in an organic solvent [oleic acid (OA), oleylamine
(OAm), and trioctylphosphine oxide (TOPO)], and the resultant
mixture was heated to 225 °C for 2 h in air. While the Kj.
SiF,:Mn*" phosphor was synthesized using OAm and TOPO, in
contrast, the K,SiFgMn** phosphor was produced using OA,
which means that the reaction had not progressed. The
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Table 2 — Summary of synthesis methods without HF for Mn*"-doped fluoride phosphors.

Methods Reductant for Advantage Disadvantage Host Reference
Mn*" ions
Hydrothermal Low toxicity e Use of a low toxicity acid o Necessity of high temperature and pressure in K,SiFg [69]
method acid and KHF, synthesis
o Necessary to improve quantum efficiency
Microwave Ionic liquid o Use of low toxicity precursors o Small particle sizes of A,SiFg (A = Li, Na, [71]
synthesis o Short reaction times the phosphors K, Rb, and Cs)
o High product yield
Ionothermal Ionic liquid e Use of low toxicity precursors o Necessity of high temperature in synthesis Na,SiFg [77]
reaction o Synthesis of various compositions o Small particle sizes of the phosphor
o High product yield
Co-precipitation  Low toxicity acid o Use of low toxicity precursors o Difficult to control the particle distribution A,XF¢ hexafluoride [79,80]
with commercial e Does not require high temperatures depending on compositions compositions
K,MnFg o Synthesis of various compositions
o More cost-effective than other methods
e Products with high quantum efficiency
Solid-state Ball-milling, e Use of low toxicity precursors o Necessity of high temperature in synthesis Li,SiFg [81,82]
method high pressure, or o Able to synthesize oxyfluoride compositions e Preparation under an argon gas atmosphere KsMoOF;
hydrogen gas with K;SiF;
commercial K,MnFg
Organic-assisted KHF, with o Products with high stability o Necessity of high K3SiF; [83]

solvent method

commercial K,MnFg

temperature in synthesis
Necessary to prepare K,SiFg
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reaction between the organic solvents and K,SiFs (KHF,) was
confirmed using Fourier transform-infrared spectroscopy.
Fig. 10a—e displays the shape evolution of the K3SiF,:Mn*"
phosphor with reaction time in the organic-assisted solvent
method. Small particles of K5SiF,:Mn** were grown on the
surface and the edge of K,SiFs. The growth of K3SiF,:Mn**
nuclei occurred in two ways—Ostwald ripening and autocat-
alytic growth based on a Finke—Watzky two-step mechanism.
Fig. 10f presents a schematic diagram of this process. Ks.
SiF;:Mn*" phosphors were prepared using an organic-assisted
solvent method and a solid-state method, respectively
(designated K3SiF;-OAm and K;SiF;-SSR). The thermal stabil-
ity of these phosphors was investigated (Fig. 10g, h). K3SiF;-
OAm exhibited better thermal stability than K3SiF;-SSR, even
under high temperature and humidity conditions (85 °C/85%
relative humidity). This is because of the residual OAm acting
as a buffer layer to prevent a reaction with water on surface of
the phosphor.

In this section, we presented various methods for the
preparation of Mn**-doped fluoride phosphor without the use
of HF. These are summarized in Table 2. Although these
methods still have limitations with regard to the optical
properties of the phosphors, they have shown the possibility
of synthesizing fluoride phosphors without the use of HF.

5. Conclusions and perspectives

Mn*"-doped fluoride red phosphors with narrow red emis-
sion peaks have been rapidly developed for high-quality
LEDs. Since the first success of the etching method with Si
wafers, various synthesis methods have been investigated in
recent years. In this review, we discussed the synthesis
methods that focus on the use of HF. Methods that make use
of HF, such as etching, hydrothermal, and co-precipitation,
have been reported for various fluoride compounds. In
particular, the co-precipitation method has been applied for
mass production, owing to its cost-efficiency and safety
compared to other methods. Furthermore, in an effort to
avoid the use of toxic HF, several HF-free methods using low
toxicity acids or ionic liquids have been studied. HF reacts
with F~ ions, which are key elements of the host materials,
and prohibits oxidation and hydrolysis of F. Therefore, the
synthesis requires highly acidic environments and excessive
F~ ions. These HF-free methods are aimed to obtain similar
optical properties of the phosphor compared with those
obtained using HF-based methods. Because the optical
properties of Mn*"-doped phosphors are influenced by the
reduction of Mn sources, it is difficult to obtain a material
with reducing ability to replace HF. In addition to the afore-
mentioned HF-free methods, a mechanochemical method or
high-power ball-milling method, which has been proven to
synthesize fluoride hosts, can be developed. Moreover, as
displays and lighting techniques advance, there is a need for
red-emitting phosphors that can be applied to high-power
applications. The stability of phosphors is one of the
crucial factors for high-power LEDs or laser diode applica-
tions; thus, enhancing the chemical/thermal stability is
critical. Various coating methods or surface modifications of
phosphors have been studied to enhance the stability with

respect to moisture and heat exposure. These methods serve
as additional processes after synthesis; thus, the surface of
the phosphors will need to be modified simultaneously with
phase synthesis to improve the stability. Finally, it is ex-
pected that an eco-friendly HF-free method will be devel-
oped for mass production, based on the methods mentioned
here, and will result in the synthesis of phosphors that
exhibit good optical performance.
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